RNA silencing refers to a series of nuclear and cytoplasmatic processes involved in the post-transcriptional regulation of gene expression or post-transcriptional gene silencing (PTGS), either by sequence-specific mRNA degradation or by translational arrest. The best characterized small RNAs are microRNAs (miRNAs), which predominantly perform gene silencing through post-transcriptional mechanisms. In this work we used bioinformatic approaches to identify the parasitic trematode Schistosoma mansoni sequences that are similar to enzymes involved in the post-transcriptional gene silencing mediated by miRNA pathway. We used amino acid sequences of well-known proteins involved in the miRNA pathway against S. mansoni genome and transcriptome databases identifying a total of 13 putative proteins in the parasite. In addition, the transcript levels of SmDicer1 and SmAgo2/3/4 were identified by qRT-PCR using cercariae, adult worms, eggs and in vitro cultivated schistosomula. Our results showed that the SmDicer1 and SmAgo2/3/4 are differentially expressed during schistosomula development, suggesting that the miRNA pathway is regulated at the transcript level and therefore may control gene expression during the life cycle of S. mansoni.
Introduction
Post-transcriptional gene silencing (PTGS) or RNA silencing is a complex mechanism involving conserved proteins and at least two distinct pathways. These are known as the siRNAs (shorts interfering RNAs) and miRNAs (microRNAs) pathways involved in the silencing of endogenous or exogenous mRNAs each with differing specificity but with several overlapping components [1] . These RNAs were initially identified as complex structures of dsRNAs, processed in mature small RNAs of 17 to 25 nt in size, which play a role on cleavage or inhibition of specific translation of mRNAs. siRNAs are the cleavage products of longer dsRNAs that are generated by RNA-dependent RNA polymerases, or from bidirectional transcription of genes or transposable elements. miRNAs mediate translational repression, although, in some cases, they can also direct mRNA degradation. The isolation and characterization of diverse genes that codify components of the microRNAs pathway in Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster and Homo sapiens support the hypothesis that the silencing of RNA constitutes a well conserved system found in different organisms [2] [3] [4] [5] .
The machinery of RNA silencing mediated by miRNA is dependent on several proteins [6] . In the initiation stage, the primary miRNA (primiRNA) is transcribed by a type II RNA polymerase. Inside the nucleus the pri-miRNA is cleaved into pre-miRNA that is an ATP-dependent microprocessor complex coordinated by RNase III Drosha [7] . The premiRNA, which exhibits a cramp-like structure and contains approximately 60-70 nt, is transported from the nucleus to the cytoplasm by the complex Ran-GTP/Exportina-5 [8, 9] . Dicer and Argonaute consist of two core proteins involved in the silencing of RNA [6] . In the cytoplasm the pre-miRNA is cleaved by Dicer generating the mature miRNA. The latter is presented to the RNA induced silencing complex (RISC) which in D. melanogaster is composed of the main constituents: Argonaute, Tudor-SN, Fmr1 and Vig [10] . Different Argonaute paralogs were identified in various organisms where they give rise to different forms of RISC, each playing a distinct role [11] [12] [13] [14] .
Dicer is a ribonuclease in the RNase III family that contains two RNase III domains and one PAZ domain. A main feature of the Argonaute proteins is the presence of PAZ and PIWI domains in their structure [15] . The PIWI domain functions by directing the dsRNA to hydrolysis and it is structurally similar to a domain found in the RNAse H. The PAZ domain (Piwi/Argonaute/Zwile) identified in proteins Argonaute and Dicer, consists of 130 amino acids and it coordinates the interaction between the two proteins forming a heterodimer [16, 17] .
In Schistosoma mansoni the silencing mechanism mediated by posttranscriptional modification was suggested by Blanton and Licate [18] as part of the hypothesis that during the cercariae to schistosomula transformation there is a block in translation. Based on this statement we used bioinformatic approaches to identify miRNA pathway components in this parasite. In addition, we performed quantitative Real-Time PCR of two key proteins of the pathway, Dicer and Argonaute, to determine the relative levels of mRNA in adult worms, cercariae, eggs and mechanically transformed schistosomula cultivated from 3.5 h to 3 days. Even though our study has evidenced the presence of these transcripts in all investigated stages we highlight its importance for post-transcriptional control during the cercariae to schistosomula transition.
Materials and methods

Sequence retrieving of the miRNA components pathway
Sequences involved in the miRNA pathway were searched in S. mansoni genome database version 4.0 from GeneDB (http://www. genedb.org/genedb/smansoni/) and S. mansoni transcriptome project (http://verjo18.iq.usp.br/schisto/) using amino acid sequences of D. melanogaster and C. elegans orthologs as queries. The BLASTp algorithm, underpinned by the Pfam (v22.0) and CDD databases was used for searches of conserved protein domains or motifs from S. mansoni sequences. 
Alignment and phylogenetic analyses
Multiple alignment of SmDicer1 and SmAgo1/2/3/4 were performed by ClustalX 2.0 and phylogenetic analyses were conducted in MEGA 4 [19] . Phylogenetic tree of these sequences were inferred using the Neighbor-Joining method [20] . The bootstrap consensus tree inferred from 1000 replicates was used to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches [21] . The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. All positions containing gaps and missing data were eliminated from the dataset.
Parasites
S. mansoni LE strain was maintained by routine passage through Biomphalaria glabrata snails and BALB/c mice. The infected snails were induced to shed cercariae under light exposure for 2 h and the cercariae were recovered by sedimentation on ice. Adult worm parasites were obtained by liver perfusion of mice after 50 days of infection. Mechanically transformed schistosomula (MTS) were prepared as described by Harrop and Wilson [22] . Briefly, cercariae were recovered, and washed in RPMI 1640 medium (Invitrogen), before vortexing at maximum speed for 90 s and immediately cultivated during 3.5 h at 37°C, 5% CO 2 . Then the recovered schistosomula were washed with RPMI 1640 until no tails were detected. For subsequent incubations, the parasites were maintained in M169 medium supplemented with 10% FBS, penicillin and streptomycin (100 µg/mL) and 5% of Schneider's medium [23] at 37°C on 5% of CO 2 during 8.5; 18.5; 24; 48 and 72 h.
RNA preparation and quantitative Real Time PCR
Total RNA was obtained using a combination of the Trizol reagent (GIBCO-BRL) and chloroform for extraction, and then purified on column using the "Purelink Micro-to-Midi Total RNA purification system" (Invitrogen). The preparation was treated with RNase-free DNase I in 3 different rounds by decreasing enzyme concentration (RQ1 DNase; Promega, Belo Horizonte, Brazil). RNA was quantified using a spectrophotometer and 5 µg reverse transcribed using an oligodT primer from the Thermoscript RT-PCR System (Invitrogen São Paulo, Brazil) as described by the manufacturer. The cDNAs encoding SmAgo2/3/4 and SmDicer1 were obtained by PCR amplification using the forward primer 5′-TCACGCACGGTAGATCAGG-3′ and reverse primer 5′-AGGTCCGCGTCAATTTGG-3′ for SmAgo2/3/4 and the forward 5′-TCTTCCGTCCACCATTCG-3′ and reverse 5′-TGCCAACAACACAATTCC-3′ for SmDicer1. The efficiency of DNAse I treatment was evaluated by PCR amplification of the cDNA reaction mix without the addition of the Thermoscript enzyme. All the primers were designed using the program GeneRunner ® . All PCR products were sequenced in the ABI 3100 automated sequencer (Applied Biosystems) using the Dye terminator kit. Reverse-transcribed cDNA samples were used as templates for PCR amplification using SYBR Green Master Mix UDG-ROX ® (Invitrogen) and 7500 Real Time PCR System (Applied Biosystems). Specific primers for S. mansoni α-tubulin were used as an endogenous control (GenBank access no. M80214) [24] (forward 5′-CGTATTCG-CAAGTTGGCTGACCA-3′, reverse 5′-CCATCGAAGCGCAGTGATGCA-3′).
The efficiency for each pair of primers was evaluated according to the protocol developed by the Applied Biosystems application (cDNA dilutions were 1:10, 1:100 and 1:1000). For both investigated transcripts three biological replicates were performed and their gene expression normalized against the α-tubulin transcript according to the 2 − ΔΔCt method [25] using the Applied Biosystems 7500 software.
Results
Data mining of miRNA pathway related sequences in S. mansoni databases and analyses of their putative domains
The primary goal of our study was to use bioinformatic tools for an in silico reconstitution of the miRNA pathway in S. mansoni. Our analyses revealed that the members of this pathway are wellconserved at the amino acid level when compared to their orthologs found in diverse organisms such as D. melanogaster, C. elegans, H. sapiens, Mus musculus and A. thaliana. Due to the high representation of members of this pathway in D. melanogaster we decided to evaluate their degree of similarity with the related S. mansoni sequences (Table 1) . When comparing between the S. mansoni predicted genes and their related ESTs from S. japonicum up to 70% sequence identity could be found.
Based on our database mining we suggest that S. mansoni contains four members of Argonaute proteins termed SmAgo1, SmAgo2, SmAgo3 and SmAgo4 containing 876, 955, 854 and 924 amino acid residues, respectively (Fig. 1a) . Alignments between SmAgo2/3/4 proteins revealed 58% identity and 17% between SmAgo1/2/3/4. When comparing the degree of identity of SmAgo1/2/3/4 proteins with their orthologs in D. melanogaster we observed 68, 33, 29 and 33%, respectively (Table 1) . Moreover, the alignment of AGO-like members revealed that most of their components, including SmAgo1/2/4 exhibited the conservation of key amino acid (D/D/H) residues that coordinate the Mg 2+ ion at the PIWI domain (Fig. 1b) .
We also identified three putative RNase III proteins, including SmDicer1, SmDrosha1 and SmDrosha2 containing 2174, 1531 and 1577 amino acid residues, respectively (Fig. 2a) . Furthermore, we can clearly observe the four catalytic residues ED and DE of endoND 1/2 domains of SmDicer1 and SmDrosha1/2 (Fig. 2b) .
Phylogenetic relationship among Argonautes and RNAse III family protein members
The phylogenetic tree created with the Neighbor-Joining method was used to separate the putative SmAgo1/2/3/4, SmDicer1 and Phylogenetic analysis of the RNAse III family in S. mansoni, using the highly conserved endoND domain, revealed the clustering SmDicer1 and SmDrosha1/2 proteins into respective subclades: Dicer1-like and Drosha-like (Fig. 3b) .
Analysis of the relative gene expression profile by quantitative Real Time PCR
We analyzed the expression of SmDicer1 and SmAgo2/3/4 transcripts by relative qRT-PCR in different developmental stages of S. mansoni: cercariae, MTS-3.5, MTS-8.5, MTS-18.5, MTS-S24, MTS-48, MTS-72, adult worms and eggs (Fig. 4a/b) . Control reactions (where no reverse transcriptase was used) revealed no amplification. Data were normalized relative to an endogenous transcript (Sm α-tubulin) and were represented as the fold-change in expression relative to the levels found in 24 h schistosomula (MTS-24) stage. We observed that SmDicer1 and SmAgo2/3/4 transcripts were expressed in all investigated stages and their levels of expression differed significantly (p b 0.001) (Fig. 4a/b) .
It is worth mentioning that the expression of SmDicer1 increased significantly following the mechanical transformation from cercariae to schistosomula stage (Fig. 4a) . For SmAgo2/3/4 transcripts we found a significant decrease from cercariae to MTS-8.5 followed by an increase in MTS-18.5 peaking at MTS-48 stage and then declining in the MTS-72. High and comparable transcript levels for SmAgo2/3/4 were found in the adult and cercariae stages. SmDicer1 and SmAgo2/3/ 4 transcripts reached their high expression levels in the egg stage.
Discussion
The miRNA pathway consists of a conserved core of proteins and enzymes found in human, C. elegans, D. melanogaster and A. thaliana and known to function in the recognition and processing of dsRNA. dsRNAs are involved in important mechanisms of gene expression and therefore regulate genes involved in the maintenance of the genome integrity [1] . The first evidence of the presence of constituents of the miRNA pathway in S. mansoni came from analysis of its transcriptome using the ORESTES strategy [26] . One of the remarkable features of this pathway refers to the fact that miRNAs are small enough to move between cells and sufficiently long to ensure their specificity to the target mRNA. Although several groups have shown that the incorporation of exogenous RNA and its processing into RNAantisense occur in various stages of S. mansoni, it is not yet known how the miRNAs contribute to the differential regulation of gene expression [4, [27] [28] [29] [30] .
Through a combination of phylogenetic tree, similarity between domains and mining of the S. mansoni database we were able to show putative sequences with conserved domains of the miRNA pathway in this parasite. Our searches have identified thirteen putative sequences that showed significant homology with orthologs of D. melanogaster and C. elegans. In addition, there are a number of S. japonicum EST sequences displaying a high degree of similarity to components of the miRNA pathway, supporting the existence of this mechanism in Schistosoma spp. During this investigation we were able to verify some species-specific peculiarities, for example, C. elegans does not contain orthologs of Fmr1, Loquacious or Exportin-5. Considering the experimental data that emphasize the importance of the miRNA pathway in C. elegans, the absence of those proteins might be balanced by the existence of others engaged in the same function [31] .
In order to understand how closely related the S. mansoni miRNA machinery is compared to orthologs found in model organisms, we selected two key components termed SmAgos and SmDicer for phylogenetic analyses. Using the PIWI domain in the Argonaute proteins it could be seen that these proteins can be divided into two subclades: the AGO-like, based on A. thaliana Ago1 and the PIWI-like, based on D. melanogaster Piwi. The PIWI-like and AGO-like exhibit structural differences that may help explain their distinct biological activities. In this work, we have shown that four S. mansoni representatives of Argonautes are AGO-like proteins suggesting their role in the recognition of small RNAs, as a first step towards the silencing of its complementary transcript.
Different Ago proteins have been found in several organisms, ranging from a single member in Schizosaccharomyces pombe, to more than twenty in C. elegans [14, 32] . Among the four S. mansoni Argonaute proteins, SmAgo3 and SmAgo4 are alternative spliced and the same mechanism for generating transcript diversity seems to occur for their orthologs DmAgo1 and CeAlg-2 in Drosophila and C. elegans (FlyBase -http://flybase.bio.indiana.edu/ and WormBasehttp://www.wormbase.org/).
Alignment of members of the AGO-like revealed that all members of this family, including SmAgo1/2/4, exhibit conservation of the key metal coordinating residues in the PIWI domain known to be responsible for the Slicer activity of Ago proteins. Although the mechanism is far from clear, such activity is the one directly involved in the cleavage of the target mRNA [17, 33] . The activity of SmAgos proteins in the regulation of gene expression in different stages of S. mansoni awaits to be demonstrated.
Blaszczyk et al. [43] provided evidence that RNase III family can be divided into four classes. In D. melanogaster the fourth class can be separated in 2 types of Dicer as exemplified by Dcr-1 and Dcr-2 [34] . Our phylogenetic analyses revealed that the RNAse III family representatives SmDrosha1/2 and SmDicer could be grouped in their respective categories. The amino acid sequence of these three components showed the conserved endoND domain [35] . However, as shown for other organisms [36] , these proteins might operate in different sub-cellular compartments in S. mansoni; SmDrosha1/2 in the nucleus and SmDicer1 in the cytoplasm.
A more detailed investigation of the transcriptome data revealed that ESTs coding for components of the miRNA pathway were sequenced from different stages of S. mansoni (http://verjo18.iq.usp. br/schisto/). Based on observations that the newly transformed schistosomula are characterized by a semi-quiescent state where no net protein synthesis occur [37, 38] and the cell-cycle is under arrest [39] , we hypothesize that the miRNA pathway may play a role in preventing protein translation, which could favor parasite remodeling at this stage. Blanton and Licate [18] anticipated that the very low protein synthesis at this stage is probably not due to the lack of mRNA, but to a post-transcriptional mechanism that blocks translation. In order to test this hypothesis, we cultivated schistosomula at various time points after transformation and analyzed by qRT-PCR two key transcripts of miRNA pathway, SmAgo2/3/4 and SmDicer1.
Our results confirmed the expression of the SmDicer1 gene in various life-cycle stages of S. mansoni as demonstrated by Krautz-Peterson and Skelly [40] . However, we are the first to investigate its expression in the newly transformed schistosomula. The significant increase in SmDicer1 transcript occurring straight after transformation and its remarkable abundance in eggs suggest an important role in gene silencing at these stages. As a preliminary investigation we decided to perform a global analysis of the expression of SmAgo2/3/4 transcripts in different stages of the S. mansoni life-cycle. This allowed us to infer in which stages the miRNA pathway is likely to contribute to gene silencing in the parasite. SmAgo2/3/4 expression was similarly high in cercariae and adult worms and lower in the newly transformed schistosomula. In agreement, a recent proteomic investigation of the S. japonicum cercariae secretome revealed the presence of Argonaute-like proteins likely present in high abundance on the cercarial secretions [41] . It seems obvious that Argonaute proteins detected in the secretome were probably not derived from it but contributed as a cytosolic contaminant of the preparation. The high expression levels of SmAgo2/3/4 and SmDicer1 expression in eggs suggest a role in targeting maternal mRNAs to repress their translation and consequently accelerate their decay as reviewed by Schier [42] . Further experiments are ongoing to test this hypothesis. Recently, various groups have used the RNAi technique to regulate gene expression in sporocysts, schistosomula, and adult worms [27] [28] [29] [30] meaning that gene silencing mechanisms are naturally present on the parasite. Our experiments aimed to uncover a few aspects of the miRNA pathway in S. mansoni; however, several issues still need to be clarified. Of particular importance is to determine the pattern of expression of all components of this pathway, the stage-specific repertoire of miRNA genes and the elucidation of their target transcripts.
